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The inclusive production rate of the ρ±(770) vector meson in hadronic Z decays is measured with the
ALEPH detector at the LEP collider. A total of 3.2 million hadronic events are selected from data recorded
between 1991 and 1995. Decays of ρ± → π0 + π± are reconstructed for xE > 0.05 and xp > 0.05 where
xp = pρ/pbeam and xE = Eρ/Ebeam. The average ρ± multiplicity per hadronic event is evaluated to be
N(ρ±) = 2.59±0.03±0.15±0.04 where the ﬁrst error is statistical and the second systematic. The third
error is from the uncertainty in the extrapolation to xp = xE = 0. The rates and differential cross-section
are compared with Monte Carlo model predictions and OPAL measurements. Residual Bose–Einstein
correlations are found to be an important component in the analysis.
© 2008 Elsevier B.V. Open access under CC BY license.1. Introduction
In high energy reactions, the transition from quarks and gluons
to stable hadrons is described by phenomenological hadronisation
models since the non-perturbative region of QCD is not calculable.
Measurements of particle production provide basic tests of these
models with respect to the multiplicities and momentum spectra
of each hadron species. LEP provides a clean environment for mea-
surements of particle production in hadronic Z decays. While the
ρ± is copiously produced, approximately 2.6 per event, its wide
width and large combinatoric background makes its measurement
diﬃcult. Detailed modeling of residual Bose–Einstein correlations
is found to be important in the extraction of ρ± yields.
This study presents a measurement using ALEPH data of the
rate and differential cross-section of the ρ(770)± meson produced
in hadronic Z decays. The ρ± candidates are reconstructed from
their daughter pions (ρ± → π0π± , BR ≈ 100%). The results of
the evaluated cross-sections are compared with Monte Carlo event
generators and the OPAL measurement which is the only other ex-
periment at LEP to perform this measurement.
2. The ALEPH detector
The ALEPH detector and its performance are described in de-
tail elsewhere [1]. Charged particles are measured over the polar
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Open access under CC BY license.angle | cos θ | < 0.966 by the cylindrical inner drift chamber and
the large cylindrical time projection chamber (TPC), which mea-
sures up to 21 three-dimensional space points per track. A charged
particle’s energy loss is sampled in the TPC by up to 338 wires.
These chambers are immersed in a uniform magnetic ﬁeld of 1.5 T
and together measure the momentum of charged particles with a
resolution δp/p = 0.0008p ⊕ 0.005 (p in GeV/c). For tracks with
| cos θ | < 0.85, which are also measured by the vertex detector,
the momentum resolution is improved to δp/p = 0.0006p ⊕ 0.005
(p in GeV/c). The TPC is surrounded by the electromagnetic
calorimeter (ECAL), which covers the angular range | cos θ | < 0.98
and has a thickness of 22 radiation lengths. With its ﬁne seg-
mentation in projective towers of approximately 0.9◦ by 0.9◦ , the
angular resolution is σθ,φ = 2.5/
√
E + 0.25 (E in GeV and σθ,φ in
mrad). This lead-proportional tube calorimeter has an energy res-
olution for electromagnetic showers of σE/E = 0.18/
√
E + 0.009
(E in GeV).
3. Event and track selection
Using hadronic event selection criteria deﬁned in [2], a total of
3 239746 hadronic Z decays around the center-of-mass energy of
91.2 GeV recorded by ALEPH at LEP in the period between 1991
and 1995 are selected for the analysis. The background to these
events arises from tau pairs and two-photon events, and is esti-
mated to be less than 0.4% [3].
Charged tracks passing basic quality cuts are selected if their
impact parameters are consistent with an origin close to the inter-
action point (transverse impact parameter |d0| < 0.5 cm and lon-
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is consistent with the pion hypothesis −2 < χdE/dx < +3. Here,
χdE/dx = (dE/dx|measured − dE/dx|expected)/σdE/dx where σdE/dx is
the expected dE/dx resolution normalised with a sample of mini-
mum ionising pions. Tracks are accepted if ionisation information
is not available.
Neutral pions are built by combining pairs of photons from the
decay channel π0 → 2γ . The photons are required to have an
energy of Eγ  1.0 GeV. Candidates are accepted if the invariant
mass mγ γ of the photon pair is within ±2σ around the expected
mass, where σ is the mass resolution of the π0 signal. To avoid
systematic uncertainties in the acceptance of high energy neutral
pions, and to improve matching between the generator level and
the reconstructed level in the Monte Carlo, a maximum π0 en-
ergy cut of Eπ0  18 GeV is applied. The momentum resolution
is improved by constraining the mass of the π0 candidates to the
nominal mass. The poor π0 signal purity is improved by a ‘ranking’
method [4]. For model comparison, and as a means of measur-
ing detector acceptance, a total of 6 383337 Monte Carlo events
are generated with the Jetset program [5] and passed through a
full detector simulation and reconstruction program. After event
selection the number of events reduces to 4923816. In this data
sample, Jetset 7.4 is tuned to describe the ALEPH data using inclu-
sive charged particle and event shape distributions [6].
4. Signal extraction and ﬁtting procedure
The production rate, N(ρ±), i.e. the average number of ρ±
mesons produced per Z decay, is extracted from the π0π± in-
variant mass distributions by ﬁtting the invariant mass with a sum
of background and signal functions. The ﬁtted signal function is
integrated, corrected for reconstruction eﬃciency, and normalised
to one event. The data are analysed in six intervals of scaled
momentum, xp = pρ/pbeam, and nine intervals of scaled energy,
xE = Eρ/Ebeam where pbeam ≈ Ebeam is the LEP beam momentum
or energy (about 45.6 GeV). For the measurement of differential
cross-sections, the rate in each measured interval is divided by the
xp interval widths to obtain (1/σhad)(dσ/dxp) and by the xE inter-
val widths to obtain (1/σhad)(dσ/dxE ).
The result of measurements in xp intervals are compared with
those of the ALEPH ρ0 measurement in [2], and the result for xE
intervals are compared with the OPAL measurements in [7]. Since
signal to background ratio is too small for lower momenta and
energy, only xp > 0.05 and xE > 0.05 is considered.
The ﬁtting procedure is complicated by the large width of
the signal, by residual Bose–Einstein correlations that affects both
signal and background shape, by reﬂections from other mesons,
by the partially reconstructed signal, and by the low signal-to-
background ratio due to large combinatorics. The modeling of all
these components is discussed in the following subsections.
4.1. Signal proﬁle
The basic line shape for the ρ± signal is a relativistic p-wave
Breit–Wigner:
RBW(m) = m ·m0 · Γ (m)
(m2 −m20)2 +m20 · Γ 2(m)
(1)
where m is the two-pion invariant mass, m0 is the resonance peak
mass, and Γ (m) is the mass dependent width of the resonance.
Various parameterisations for Γ (m) have been suggested [8], the
form chosen in this study is:
Γ (m) = Γ0
(
q
q0
)3 2q20
q2 + q2 (2)0where Γ0 is the nominal width (≈ 150 MeV) of the resonance,
q0 is the momentum when m = m0 [2], and q is the momentum
of the decay products in the rest frame of the parent given by:
q2 = (m
2 −m2
π± +m2π0)2
4m2
−m2
π0
(3)
where mπ± and mπ0 are the nominal pion masses. However, Jet-
set uses a non-relativistic Breit–Wigner shape with the tails of the
distribution truncated outside the mass range 0.3 and 1.3 GeV/c2:
BW(m) = (Γ0/2)
2
(m −m0)2 + (Γ0/2)2 . (4)
Therefore, the signal shape of the ρ± is determined separately for
the real data and the Monte Carlo data. Also, the nominal values
of parameters m0 and Γ0 in Eqs. (1), (2) and (4) are modiﬁed by
detector resolution effects and so are replaced, in the ﬁts, by the
reconstructed values mres and Γres respectively. Another important
consideration is the effect of partially reconstructed ρ± mesons
where a π0 is reconstructed from one photon originating from the
ρ± signal and one that is not. Such a combination contains most
of the kinematics of the ρ± signal and for this reason the partial
signal has a similar, but wider shape.
Fig. 1 shows the variation of mres and Γres, determined from
the Monte Carlo, as a function of xp and xE for both fully and
partially reconstructed ρ± signals. From this ﬁgure, it is clear that
the reconstruction parameters are far from the nominal values, and
the values for fully reconstructed and partially reconstructed ρ±
signal differ signiﬁcantly. The ﬁtted signal function f s(m) is there-
fore taken as a combination of a fully reconstructed signal function
RBWF (m) and a partially reconstructed signal function RBWP (m)
with the ratio of the magnitudes r taken from Monte Carlo:
f s(m) = p0
[
RBWF (m) + RBWP (m)/r
]
(5)
where p0 is the normalisation constant determined in the ﬁts. For
each function the corresponding values of mres and Γres are taken
from Fig. 1. Note that RBW in Eq. (5) are replaced by BW (Eq. (4))
in the ﬁts to the Monte Carlo.
4.2. Combinatorial background
The combinatorial background function fb(m) is parameterised
by the smooth function:
fb(m) = p1mp2t × exp
(
p3mt + p4m2t + p5m3t
)
(6)
where m is the invariant mass of the π0π± system, mt = m −
mπ0 − mπ± (zero at the threshold of m), and p1 to p5 are free
parameters adjusted by the ﬁtting procedure.
4.3. Reﬂections
The π0π± mass spectra contain reﬂections from ω(782) →
π0π+π− , η(548) → π0π+π− , and K ∗±(892) → π0K± . Appropri-
ate functions ( fω(m), fη(m) and f K ∗ (m) respectively) representing
each reﬂection are selected and ﬁtted to the Monte Carlo. While
the height of the functions are ﬁxed in the Monte Carlo, in real
data the height of each reﬂection function is scaled by a value ob-
tained from the measured ratio of the real data rate (Refs. [6] and
[9]) to the Monte Carlo rate.
4.4. Residual Bose–Einstein correlations
The real data mass spectra appears to be shifted to a lower
mass with respect to Monte Carlo. The distortion in real data can
be described successfully by the interference, believed to originate
302 A. Beddall et al. / Physics Letters B 670 (2009) 300–306Fig. 1. Variations of the reconstructed peak mass mres (ﬁgures (a) and (b)), and reconstructed width Γres (ﬁgures (c) and (d)) as a function of xp and xE for fully (closed
circles) and partially (open circles) reconstructed signals.from residual BECs, between the amplitudes of the ρ± and coher-
ent (non-resonant) background; this effect is not included in the
Monte Carlo. A successful parameterisation is performed by the
Söding model [10], used by [11] in the analysis of inclusive ρ0 pro-
duction, and by OPAL group [7] in the analysis of ρ± production.
To include the interference effect, the ﬁt function is extended by
adding the following term:
f i(m) = C
(
m2res −m2
mΓ (m)
)
f s(m) (7)
where C is related to the strength of the interference and deter-
mined from ﬁts to the data. The interference term (Eq. (7)) rep-
resents a model of the distortion that effects both the signal and
background shapes. A detailed account of the treatment of resid-
ual Bose–Einstein correlations in this analysis is presented in the
supporting paper Ref. [12].
4.5. Total ﬁt function
The total ﬁt function with seven free parameters is built by
adding six model functions as follows:
F (m) = f s(m) + fb(m) + f i(m) + fω(m) + fη(m) + f K ∗ (m). (8)
An example ﬁt to real data mass spectra, illustrating each com-
ponent, is shown in Fig. 2. In Fig. 3 the ﬁtted signal and the
interference term are shown for the same data.
5. Systematic errors
In this study, the possible source of systematic errors are cat-
egorised into ﬁve groups: track selection cuts, ﬁtting procedure,reﬂection models, signal function and eﬃciency correction. A sys-
tematic uncertainty is estimated for each source and in each mea-
sured interval. A value covering the full measured interval for each
source is obtained by the summation of the values from all mea-
sured intervals weighted by the measured rate in each interval.
This summation is performed in quadrature except for cases where
the errors are considered to be correlated and so are summed
linearly. A total systematic error for each measured interval is ob-
tained by summing in quadrature contributions from each source.
The details of the systematic studies, in each category, are given
below.
The default values of the track cuts given in Section 3 are var-
ied within reasonable ranges, the largest variation in the measured
rate for each cut in each xp and xE interval is assigned as a system-
atic error. The cut variations are as follows: The minimum photon
energy cut Eγ  1.0 is increased to 1.2 GeV and decreased to
0.8 GeV. The maximum energy cut Eπ0  18 GeV is increased to
20 GeV and decreased to 16 GeV. The mass window of ±2.0σ used
to select π0 candidates is varied to ±1.5σ and ±3.0σ . The cut on
the transverse impact parameter of charged tracks |d0| < 0.5 cm
is increased to 1.0 cm and decreased to 0.3 cm. For the systemat-
ics in the selection cut −2< χdE/dx < 3, the procedure is repeated
after omitting the selection criteria completely. On average, the re-
sultant error estimates are about 3% with the minimum photon
energy cut giving the largest contribution.
In the ﬁtting procedure, the mass range covered by the ﬁts
is generally 400–1900 MeV/c2. The mass range is varied by
±40 MeV/c2 for each interval and the corresponding ﬂuctuations
in the ρ± rates are assigned as systematic errors. On average, the
resultant error estimates are about 3%.
The magnitude of each reﬂection in Eq. (8) is normalised to
the real data measurements. This normalisation is varied, for each
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background and reﬂections are shown.
Fig. 3. The same data as shown in Fig. 2 after all contributions, except for the signal function, are subtracted. The data shows the expected relativistic Breit–Wigner shape.
The interference function f (m) (dashed curve) is also shown.ireﬂection independently, with respect to the measurement uncer-
tainties (one standard deviation). The corresponding ﬂuctuations
in the ρ± rates are assigned as systematic errors. The average
resultant error estimate is about 1% dominated by the ω rate.
These systematic errors are considered to be correlated and so are
summed linearly over all measured intervals giving a total error of
again about 1%.
The width of the ﬁtted signal is taken from the Monte Carlo.
To account for the possibility that the width could be signiﬁcantlydifferent in the real data, the value is increased and decreased by
5%. The sensitivity to the inclusion of the partially reconstructed
signal RBWP (m) in the total ﬁtted signal f s(m) (Eq. (5)) is inves-
tigated by removing this component from the signal function. The
corresponding ﬂuctuations in the ρ± rates due to the above mod-
iﬁcations are assigned as systematic errors. The correction applied
to the measured signal to account for reconstruction eﬃciency
has a statistical uncertainty associated with it due to the lim-
ited number of Monte Carlo events. These statistical uncertainties
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struction eﬃciency is dominated by the matching of π0 signals
between the generator level and reconstructed level in the Monte
Carlo. The matching procedure is varied to obtain an estimate of
this uncertainty and the results for each measured interval are
assigned as systematic errors. On average, the resultant error es-
timates are about 2% and are dominated by errors from partially
reconstructed signal which are considered to be correlated and so
are summed linearly over all measured intervals giving a total er-
ror of about 3%.
To estimate the total production rate, the total measured rate is
extrapolated from xp > 0.05 and xE > 0.05 to xp = 0 and xE = 0,
respectively, using the fragmentation function in the Monte Carlo.
The unmeasured fraction of the total rate in the real data, esti-
mated from Jetset 7.4 (ALEPH tuned), is about 40% for xp < 0.05
and 38% for xE < 0.05. To estimate the uncertainties in these val-
ues due to model bias, the calculation is repeated using Pythia 6.4
(default tuning) and Herwig 6.5 (default tuning). The largest dif-
ference, about 1.6%, is between Jetset and Pythia; this value is
assigned as an additional systematic uncertainty.
6. Results
In this section, the measured rates and differential cross-
sections are presented and compared with the OPAL measurement
in [7] and Monte Carlo event generator programs. Also, the ratio
2N(ρ0)/N(ρ±) using ALEPH results is compared with the cor-
responding results from OPAL. Tables 1 and 2 show the results
for the ρ± rates and differential cross-sections in each measured
momentum and energy interval respectively. The differential cross-
sections as a function of xp are compared to Monte Carlo predic-
tions in Fig. 4. A similar plot is constructed for the xE intervals to
compare the ALEPH results with OPAL measurements in Fig. 5.
Note that while the ﬁrst interval shown in Fig. 5 is unmeasured
for ALEPH, OPAL presents in [7] measurements down to xE = 0.016.
The second column of Table 3 compares the ALEPH result for thetotal rate N(ρ±) with the OPAL result and results from Monte
Carlo programs. Also, the ρ± rate can be compared with its isospin
partner, the ρ0. Naively, one can expect the ratio 2N(ρ0)/N(ρ±)
to be unity since I = 1 for the ρ triplet. However, contributions
to ρ production is complicated by decays of heavier hadrons. The
Table 1
Measured rates and differential cross-section for the ρ± in xp intervals. The errors
correspond to statistical and systematic errors respectively. The result of summing
over the measured xp intervals is shown; the ﬁnal row in each table gives the result
of extrapolating this to xp = 0 together with an extra error of about 1.6% represent-
ing the uncertainty in the extrapolation.
xp range Multiplicity ρ±(770)/Z decay (1/σhad)(dσ/dxp)
0.05–0.10 0.5622± 0.0142± 0.0603 11.2434±0.2840±1.2069
0.10–0.15 0.3162± 0.0068± 0.0315 6.3246±0.1364±0.6299
0.15–0.20 0.2338± 0.0037± 0.0187 4.6756± 0.0736± 0.3731
0.20–0.30 0.2335± 0.0022± 0.0189 2.3347± 0.0216± 0.1889
0.30–0.50 0.1663± 0.0015± 0.0109 0.8316± 0.0073± 0.0545
0.50–1.00 0.0412± 0.0009± 0.0051 0.0823± 0.0018± 0.0102
0.05–1.00 1.5532± 0.0164± 0.0880
all xp 2.5872± 0.0273± 0.1466± 0.0428
Table 2
Measured rates and differential cross-section for the ρ± in xE intervals. Refer to the
caption of Table 1 for a further explanation.
xE range Multiplicity ρ±(770)/Z decay (1/σhad)(dσ/dxE )
0.050–0.100 0.6050± 0.0137± 0.0683 12.0992±0.2740±1.3650
0.100–0.125 0.1679± 0.0046± 0.0206 6.7153± 0.1840± 0.8237
0.125–0.150 0.1450± 0.0035± 0.0160 5.7990±0.1400±0.6407
0.150–0.200 0.2258± 0.0027± 0.0204 4.5151± 0.1090± 0.4072
0.200–0.300 0.2506± 0.0023± 0.0226 2.5056±0.0230±0.2259
0.300–0.400 0.1151± 0.0014± 0.0082 1.1511± 0.0140± 0.0820
0.400–0.600 0.0820± 0.0010± 0.0070 0.4102±0.0050±0.0349
0.600–0.800 0.0146± 0.0005± 0.0011 0.0729±0.0025±0.0055
0.800–1.000 0.0016± 0.0001± 0.0002 0.0078±0.0005±0.0011
0.050–1.000 1.6076± 0.0154± 0.0981
all xE 2.5878± 0.0248± 0.1579± 0.0408Fig. 4. Differential cross-sections for the ρ± as a function of xp in comparison with the Monte Carlo predictions. Jetset 7.4 is ALEPH tuned, while Pythia and Herwig have
default tuning. The errors shown are the quadratic sum of statistical and systematic contributions. The ﬁrst interval is unmeasured for ALEPH.
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Pythia and Herwig have default tuning. The ﬁrst interval is unmeasured for ALEPH. OPAL measurements below xE = 0.05 are omitted.Table 3
Comparison of the total multiplicity N(ρ±) of the ρ± , and the ratio 2N(ρ0)/N(ρ±)
as measured by ALEPH, to OPAL and Monte Carlo predictions. Errors are statistical
and systematic respectively.
Data set N(ρ±) 2N(ρ0)/N(ρ±)
ALEPH data 2.59± 0.03± 0.15 1.12± 0.05± 0.17
OPAL data 2.40± 0.06± 0.43 1.08±0.04±0.20
Jetset 7.4 2.77 1.06
Pythia 6.4 2.85 1.07
Herwig 6.5 1.93 1.04
ratio is shown in the third column of Table 3. Here the ALEPH re-
sult is calculated by using the result for N(ρ0) from ALEPH [2], the
OPAL value comes from Ref. [7]. The measured ratios are compared
with Monte Carlo predictions of Jetset 7.4 (ALEPH tuned), Pythia
6.4 (default tuning) and Herwig 6.5 (default tuning).
In Fig. 6 the measured cross-section for the ρ± , in compari-
son with the OPAL data and Monte Carlo predictions, is given as a
function of ξp = ln(1/xp).
7. Summary and conclusion
Inclusive production of ρ± mesons in hadronic Z decays is
measured using ALEPH archived data consisting of about 3.2 mil-
lion hadronic events (after event selection); this represents LEP’s
second measurement. Decays of ρ± → π0 + π± are reconstructed
for xp > 0.05 and xE > 0.05 where xp = pρ/pbeam and xE =
Eρ/Ebeam. The ρ± multiplicity per hadronic event is evaluated
to be N(ρ±) = 2.59 ± 0.03 ± 0.15 ± 0.04 where the ﬁrst error is
statistical and the second systematic. The third error is from the
uncertainty in the extrapolation to xp = xE = 0.
The measured differential cross-section of ρ± are in good
agreement with OPAL measurements. While the OPAL measure-
ment extends down to xE = 0.016, the ALEPH measurement is
only sensitive down to xE = 0.05. However, the ALEPH measure-
ment provides signiﬁcantly more accurate results at high xE (above
xE = 0.3) and so is complementary to the OPAL measurement.Except for Herwig (default tuning), Monte Carlo rates obtained
from ALEPH tuned Jetset and default tuned Pythia are consistent
with real data measurements of the two independent experiments.
The calculated total rate (2.59 per event) lies between the OPAL
measurement (2.40 per event) and prediction of Jetset (2.77 per
event).
For the ratio 2N(ρ0)/N(ρ±), the predictions lie about one stan-
dard deviation from the measured value, Pythia giving the closest
agreement. However, the ratio contains very large systematic un-
certainties and so no signiﬁcant conclusion can be made for this
result.
The modiﬁed leading logarithm approximation combined with
the local parton–hadron duality model [13] predicts that the po-
sition of the maximum of the cross-section as a function of ξp =
ln(1/xp) is correlated with the mass of the particle, i.e. the mo-
mentum spectrum is expected to be harder for particles with
higher masses. However, this position may be modiﬁed by heavy
ﬂavour decays. The measurements of OPAL appear to be in agree-
ment with this prediction; the ALEPH measurement provides some
additional veriﬁcation, but due to the lack of a measurement be-
low xp = 0.05 the peak of the distribution is not well deﬁned.
This analysis has required detailed modeling of background, and
an effective treatment of distortions due to residual Bose–Einstein
correlations. A treatment of BECs is included in this analysis, and
the analysis performed by OPAL, by employing the Söding model.
Further details of this treatment can be found in Ref. [12].
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